Abstract-To provide basic toxicity data for formulating risk characterization benchmarks, the effects of tungsten on survival, growth, and reproduction were investigated in the earthworm Eisenia fetida. Parallel studies with lead as a reference toxicant also were conducted. Although sodium tungstate (Na 2 WO 4 ) was less acutely toxic than lead nitrate (Pb(NO 3 ) 2 ) in 14-d spiked field soil acute toxicity assays (lethal concentrations for 50% of organisms: W, 6,250 mg/kg; Pb, 2,490 mg/kg), tungstate completely inhibited reproduction in 28-and 56-d assays at all tested tungsten concentrations (Ն704 mg/kg). By comparison, cocoon production was not significantly reduced for lead concentrations until concentrations reached 766 mg/kg, and cocoon production was still observed at the highest concentration tested (1,650 mg/kg). These data indicate that tungsten is a reproductive toxicant for earthworms and that, by comparison, its sublethal toxicity is greater than that of lead. Toxicity data for other soil invertebrate species are required to fully establish benchmark levels/ecological soil screening levels for tungsten.
INTRODUCTION
Tungsten and its alloys are incorporated in the production of a wide variety of products used in modern society. Favorable density, hardness, and heat resistance have promoted the use of tungsten in the production of steel, incandescent light-bulb filaments, metal-cutting tools, and common parts for an array of items [1] . Magnesium and calcium tungstates are widely used in fluorescent lighting, whereas other tungsten salts are used in the chemical and tanning industries [2] . Tungsten polymer and alloy projectiles also are used in both civilian [3] and military settings [4] . Unfortunately, almost no published literature exists regarding the environmental toxicology of tungsten compounds to terrestrial invertebrates. As the popular use of tungsten-based materials continues, the impact of this metal on ecological receptors will likely become a topic of increased public interest.
In natural waters, tungsten typically exists as tungstate ( ) or tungsten polyanions with oxides of phosphorus,
2Ϫ
WO 4 arsenic, and silicon; it also may form oxyhalides, such as WOCl 4 , WO 2 Cl 2 , and WOBr 4 [5] . Tungsten compounds tend to be retained on dry soil surfaces because of their ionic character and low vapor pressures and to adsorb to suspended solid and sediment if released into surface water (Hazardous Substances Data Bank; http://toxnet.nlm.nih.gov). This suggests that soil-dwelling invertebrates, such as earthworms, that ingest soil particles through normal feeding behavior would be at risk for systemic absorption of soil-bound tungsten through the gut. The scientific literature contains almost no data regarding the toxicity of tungsten to invertebrates, with the exception of one report that described 50% mortality after 28 d when ter-* To whom correspondence may be addressed (inouyel@wes.army.mil).
Presented at the Symposium on Risk Assessment of Metals in Soils, 14th Annual Meeting, SETAC Europe Meeting, Prague, Czech Republic, April 18-22, 2004. mites (Coptotermes formosansus) were fed filter paper laced with 0.05% sodium tungstate [6] . This lack of basic knowledge represents a void that must be filled before realistic ecological risk estimates on the production, use, and disposal of tungstencontaining products can be generated.
In the present report, we detail our efforts to assess the toxicity of tungsten (as tungstate) toward the earthworm Eisenia fetida. Our goal was to gather basic toxicity data regarding the response of earthworms exposed to sodium tungstate spiked into soil to support the development of risk characterization benchmarks. To this end, we considered earthworm lethality, growth, and reproduction as our experimental endpoints. We conducted parallel exposures with lead as a reference metal toxicant.
MATERIALS AND METHODS

Earthworm brood stock
Earthworm (E. fetida) cultures originally were obtained from Carolina (Burlington, NC, USA). They were maintained as a brood stock in our acclimation laboratory in peat moss neutralized with calcium carbonate to pH of between 6.5 and 7.0 and were fed a grain-based food (Magic Worm Food; Magic Products, Amherst Junction, WI, USA).
Soil characteristics
Artificial soils were prepared following Organization for Economic Cooperation and Development (OECD) protocols [7] and consisted of 70% sand, 20% kaolin clay, and 10% sieved peat moss, with pH adjusted to between 6.5 to 7.0 through addition of calcium carbonate. Sand, clay, and peat moss were obtained from local suppliers, and peat moss was sieved (mesh size, 2 mm) before its use in preparing artificial soils.
The field soil used in these experiments was a silty loam soil of the Grenada-Loring soil series (Alfilsols order) and was collected from the Brown Loam Experimental Station 
Earthworm toxicity testing
Acute toxicity studies were conducted in amber-glass, 60-ml, wide-mouth jars containing 40 g of either field soil or artificial soil. Sodium tungstate (Na 2 WO 4 ·2H 2 O; Aldrich, Milwaukee, WI, USA) or lead nitrate (Pb(NO 3 ) 2 ; Aldrich) were prepared as serially diluted aqueous solutions and were added to the soils one week before addition of earthworms; soils were mixed by hand after addition of the solution. Spiking solutions were analyzed for metal content and, in all cases, were within 5% of the target concentrations. The solution was added in amounts sufficient to hydrate the soil to 85% of its water-holding capacity (0.350 ml/g for artificial soil and 0.295 ml/g for field soil). Each of the 10 concentrations and the control had 10 individual jars with one worm per jar. For tungsten acute toxicity exposures, nominal soil concentrations ranged between 2,560 to 10,240 mg/kg for artificial soil and from 4,500 to 10,500 mg/kg for field soil (dry-wt basis). For lead acute toxicity exposures, nominal soil concentrations ranged between 5,530 to 15,000 mg/kg for artificial soil and between 300 and 4,000 mgb/kg for field soil (dry-wt basis). Worm survival for determination of median lethal concentrations (LC50s) was checked after a 14-d exposure period. Soil samples and surviving worms were collected for chemical analysis after the 14-d exposure; worms were allowed to depurate overnight on wetted filter paper and then frozen and stored at Ϫ80ЊC until chemical analysis.
Chronic toxicity was conducted for field soil only and used clear-glass pint jars containing 250 g of soil and spiked with metals in a similar fashion to that described for the acute exposures. Spiking solutions were analyzed for metal content and, in all cases, were within 5% of the target concentrations. Each of the 10 concentrations and the control had five replicate containers with five worms per container. Dried fermented alfalfa (2 g/container) was provided for food. After 28 d, the adult worms were removed, and survival was recorded. Adult worms were allowed to depurate overnight on wetted filter paper, weighed, and then frozen and stored at Ϫ80ЊC until chemical analysis. The soil was returned to the environmental chamber for another 28 d to allow cocoons to hatch, and an additional 2-g aliquot of dried fermented alfalfa was added at this time. After the additional 28 d, containers were removed from the environmental chamber and placed in a water bath heated to 40ЊC, and juvenile worms were collected as they moved to the surface. A subsample of soil was removed for chemical analysis, and the remaining soil was sieved to recover the cocoons. Nominal tungsten concentrations ranged from 704 to 7,039 mg/kg soil; nominal lead concentrations were 165 to 1,650 mg/kg soil. Unless otherwise noted, all concentrations are expressed on a dry-weight basis.
All exposures were conducted in an environmental chamber with continuous lighting and temperature maintained at 21 Ϯ 1ЊC. For all exposures, preweighed adult clitellate worms (0.3-0.6 g) were added 7 d after addition of metals to the soil, and soil pH was determined at the start and end of the exposures for each treatment group.
Chemical analysis
All chemicals were of reagent grade or higher purity and were used without further purification; the deionized water had a resistivity of 18.3 M⍀·cm. Samples were digested using U.S. Environmental Protection Agency (U.S. EPA) Method 3050B [8] for metals analysis, modified to stabilize the extracted tungsten through the addition of 2% phosphoric acid. Briefly, 1 ml of concentrated phosphoric acid was added to the sample with the initial nitric acid addition and heating step. The remaining nitric acid and heating stages were followed according to the standard method. The digestate was filtered and diluted to final volume of 50 ml. Elemental analysis of worm tissue and soil samples was performed by inductively coupled plasma-atomic emission spectroscopy (Perkin Elmer Optima 3000DV, Perkin Elmer, Boston, MA, USA) and inductively coupled plasmamass spectrometry (ICP-MS; Elan 6000, Perkin Elmer) using modified U.S. EPA Method 6010B [9] and Method 6020 [10] , respectively. Interelement correction was used when appropriate for correction of emission-line overlap from interfering matrix components. The ICP-MS monitored the atomic mass to charge ratio (m/z) at 184 for quantitation of tungsten.
Quality control
Elemental analysis methods used National Institute of Standards and Technology (NIST) traceable calibration and secondsource check standards. Analytical and preparatory blanks and sample spikes were included in each sample batch. Results were always within a tolerance of 10% (and usually within 5%) of the accepted values. Blanks were always less than the detection limit. The NIST traceable dissolved element standards also were analyzed to verify that metal detection with the ICP-MS was not the result of matrix or isobaric interferences.
Data analysis
Statistical analysis was conducted with SigmaStat 2.0 (SPSS, Chicago, IL, USA), and graphics and associated curvefitting were conducted with SigmaPlot 8.0 (SPSS). The LC50s were determined by plotting log dose versus percentage survival and fitting a sigmoidal curve. In the growth and reproduction tests, all comparisons were conducted using analysis of variance and comparing all groups to the control. Treatments were considered to be significantly different at p Ͻ 0.05.
RESULTS
Tungsten and lead concentrations and other parameters in soil
Chemical analysis of soils from the acute toxicity exposures resulted in measured tungsten concentrations averaging 63% of nominal concentrations (OECD artificial soil range, 1,940-3,830 mg/kg; GLSL field soil range, 2,820-6,557 mg/kg). For similar tests, measured lead concentrations averaged 79% of nominal concentrations (range, 239-3,106 mg/kg). For chronic toxicity studies (Table 2) , analytical results of tungsten in amended GLSL field soil ranged from 923 to 6,173 mg/kg (average, 102% of nominal values), and lead ranged from 303 to 2,351 mg/kg (average, 157% of nominal values).
Effects of tungsten and lead on earthworm survival
Nominal concentrations were used for the purposes of statistical analysis and calculating curves for LC50s. The LC50s were 6,250 mg/kg for tungsten and 2,490 mg/kg for lead (Fig.  1) in the GLSL field soil. For tungsten, toxicity was greater in the OECD artificial soil compared to the GLSL field soil (LC50s of 3,960 and 6,250 mg/kg soil, respectively). In contrast, lead was less toxic in the OECD artificial soil, with at least a fivefold difference in lead acute toxicity. No deaths were observed in artificial soils with nominal lead concentrations as high as 10,000 mg/kg, whereas GLSL field soil showed significant lead toxicity at concentrations as low as 2,249 mg/ kg.
Effects of tungsten and lead on earthworm growth and reproduction
For 28-d exposures, lethality was observed for the higher doses of tungsten, although neither lead nor tungsten caused significant decreases in growth (Table 2) . Tungsten produced a greater adverse effect on reproduction compared with lead. Although control performance was similar for lead and tungsten exposures, no cocoons or juveniles were observed in any of the tungsten exposures (lowest tungsten test concentration, 704 mg/kg). In contrast, a significant reduction in cocoon production was observed at the nominal soil concentration of 766 mg/kg, and cocoons and juveniles were found even in the highest tested lead concentrations (1,650 mg/kg).
Earthworm body burden data (Table 2) further emphasized the differences in toxicity of the two metals. No significant reduction in cocoon production was observed for adult tissue lead concentrations of 42 mg/kg wet wt or less. In contrast, analysis of tissues showed a mean tungsten body burden of 11 mg/kg wet tissue associated with complete shutdown of reproduction and concentrations of 41 mg/kg wet wt associated with decreased adult survival. Furthermore, mean wet tissue lead concentrations of 98 mg/kg were measured for worms in the lead growth and reproduction exposures without any associated lethality (Table 2) , whereas analysis of worms surviving from the tungsten acute toxicity exposure (Fig. 2) showed tissue levels for tungsten ranging between 85 and 129 mg/kg wet wt in the doses bracketing the LC50 (5,970 and 6,560 mg/kg dry soil).
DISCUSSION
Acute toxicity was dependent on soil type, with tungsten toxicity in artificial soil (LC50, 3,960 mg/kg) being greater than that of lead (LC50, Ͼ10,000 mg/kg) and the reverse trend in the GLSL field soil (LC50: W, 6,250 mg/kg; Pb, 2,490 mg/ kg). Unlike lead, tungsten toxicity was lower in the field soil as compared to that in the artificial soil. This is not unexpected because of the ionic nature of the compounds used in the assays. Artificial soil has high organic matter content, with humic matter rich in anionic binding sites, and will readily bind cationic compounds, such as Pb 2ϩ . In contrast, tungstate ( ) is anionic in nature and is not expected to bind to 2Ϫ WO 4 humic matter. Thus, excess Pb 2ϩ is required in artificial soil to overcome the cationic binding capacity of humic matter and trigger a toxic response, but is not subject to this effect.
2Ϫ
WO 4 Our lead LC50 of 2,490 mg/kg is within range of previously reported LC50s, especially considering the different soil types and pre-exposure equilibrium periods. Spurgeon et al. [11] reported a lead LC50 of 4,480 mg/kg in OECD artificial soil (no pre-exposure equilibrium period was used), and Davies et al. [12] reported a lead LC50 of 4,196 mg/kg in a silty loam containing 4% organic carbon, 80% quartz sand, and 16% clay minerals (pre-exposure equilibrium period, 35 d). The GLSL field soil has lower organic matter (1% organic matter) and, thus, is expected to have greater availability of the compounds and a lower LC50.
In the growth and reproduction assays, tungsten did not impact growth adversely; in fact, a significant hormetic response was observed for growth (Table 2 ). For lead, no significant differences were observed for adult weights across the exposure range. In the case of tungsten, the effect was significant for nominal tungsten soil concentrations of up to 3,267 mg/kg. Although pH data were significantly different across tungsten treatment groups, this was unlikely to be responsible for the increased growth in tungstate exposures, because the soil pHs were within optimal growth and reproduction ranges. Van Gestel et al. [13] determined that both growth and reproduction were not significantly affected within the pH range of 4 to 7. The postexposure soil pH values for tungsten exposures were 5.4 for control and ranged between 6.0 to 6.8 for exposure levels where growth was significantly greater than in controls (704-3,267 mg/kg). A hormetic response to low levels of contaminants is not uncommon, and it has been observed previously in earthworms exposed to metals [14] . Our data did not show any significant effect of lead nitrate on growth, but a sigmoidal fit of the cocoon production data resulted in a calculated median effective concentration for lead of 630 mg/kg, similar to the 970 mg/kg reported by Spurgeon et al. [11] .
Tungstate is water soluble and not readily bound by organic matter, as exemplified by the LC50s derived through the present study. It therefore is expected to be mobile in soils. Additionally, it exerts greater adverse effects on earthworm reproduction compared with lead, as determined by both soil and tissue analysis in the growth and reproduction study. For this reason, the ecological significance of tungsten contamination with respect to its potential toxicity toward soil-dwell- ing invertebrates should not be ignored, but the relationship between laboratory toxicity tests to the actual toxicity that might be encountered in situations of real-world contamination is tenuous [15] . Our findings indicate that tungsten, as tungstate, can impact adversely both survival (artificial and field soil) and reproduction (field soil) in earthworms exposed under carefully controlled laboratory conditions, but toxicity data for other soil invertebrate species are required to establish benchmark and ecological soil screening levels for tungstate. Metals in general are not readily soluble in water, and tungsten is no exception. Toxicity tests with metals typically are conducted with soluble salts, which will tend to overestimate bioavailability and toxicity under real-world conditions [16] . We studied the effects of tungstate ( ), a soluble tungsten salt,
WO 4 but this species may not be the only form of tungsten that would be found in contaminated areas. Therefore, in addition to the use of total tungsten levels in field soil for prediction of risk, the specific quantitation of tungstate through ion chromatography (or another appropriate technique) would allow the risk assessor to determine the fraction of total tungsten existing as tungstate at the site in question. This fraction could then be used for comparison to our data.
Differences in physicochemical properties exist between different soil types. Organic matter, clay content, cation-exchange capacity, pH, and so on could influence overall metal availability, and these parameters certainly differ from site to site. We determined acute toxicity (lethality) for tungstate in OECD artificial soil and GLSL field soil, whereas our chronic toxicity studies (growth and reproduction) were with GLSL field soil alone. Further exposure studies with differing soils types would be helpful, and for the purposes of risk determination, field-exposure studies conducted at the site in question would further reduce uncertainty.
Additional sources of uncertainty may include the effects of other metals on tungstate toxicity. In mammalian studies using male rats, Young et al. [17] reported that tetrathiotungstate ( ) reduced cytochrome oxidase activity and increased 2Ϫ WS 4 hepatic iron retention; both effects are indications of severe copper deficiency. Furthermore, supplementation of the diet with copper reduced tetrathiotungstate rat subacute toxicity, as indicated through dose-related reduction in weight gain, hemoglobin concentration, packed cell volume, and erythrocyte count. In the same report, however, dithiotungstate (WO 2 ) did not produce these effects. In an earlier study,
S 2 Higgins and Richert [18] reported that tungstate interferes with molybdenum metabolism through increased excretion of molybdenum and decreased activity of xanthine oxidase, which contains molybdenum as a cofactor. Therefore, both copper and molybdenum (and, possibly, other metals) in soil at a given site might influence toxicity of tungsten to invertebrates.
CONCLUSIONS
In the GLSL soil, tungsten was less toxic than lead, whereas the reverse was true in OECD artificial soil. Tungsten, however, had a greater effect on reproduction compared with lead on the basis of both soil concentrations and body burdens. At relatively low exposure levels, tungsten completely arrested earthworm reproductive activity. The underlying mechanism for this rather dramatic response is unclear at this time, and further study clearly is indicated. Given the toxicity of tungsten that we observed compared to that of lead, it would seem prudent that risk managers consider tungsten as a contaminant of concern in areas where elevated levels might be present. The present study provides data regarding tungsten toxicity toward earthworms that may be used to help develop benchmarks for future risk assessment activities in areas where environmental contamination with tungsten is a concern. For purposes of risk assessment, however, more data are required for setting ecological soil screening levels (toxicity to other soil invertebrate species), as are data on the fate of metallic tungsten in the environment.
